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Description
BACKGROUND
1. Field

[0001] Anegative active material for arechargeable lithium battery, amethod of preparing the same, and arechargeable
lithium battery including the same are disclosed.

2. Description of the Related Art

[0002] Rechargeable lithium batteries have recently drawn attention as power sources for small, portable electronic
devices. Rechargeable lithium batteries use organic electrolyte solutions and thereby, have two or more times the
discharge voltage of conventional batteries using alkaline aqueous solutions, and accordingly have high energy density.
[0003] As the positive active material, the rechargeable lithium battery typically uses a lithium-transition element
composite oxide that is capable of intercalating lithium, for example, LiCoO,, LiMn,O,, LiNi,;_,C0,0,(0<x<1), and so on.
[0004] As the negative active material, the rechargeable lithium battery typically uses various carbon-based materials
such as artificial graphite, natural graphite, and hard carbon, all of which can intercalate and deintercalate lithium ions.
However, research has recently been conducted into non-carbon-based negative active materials, such as Si, in order
to provide stability and high-capacity. An example of composite silicon containing negative active material for a lithium
secondary cell is described in US2005/0031958 A1.

SUMMARY

[0005] Inone embodiment of the presentinvention, a negative active material is capable of improving the high-capacity
and cycle-life characteristics of a rechargeable lithium battery.

[0006] In another embodiment of the presentinvention, a method of preparing the negative active material is provided.
[0007] In yet another embodiment of the present invention, a rechargeable lithium battery includes the negative active
material.

[0008] According to the present invention, provided is a negative active material for a rechargeable lithium battery
wherein the negative active material comprises silicon in an amount of 40wt% to 80 wt%, oxygen in an amount of 10
wt% to 35 wt% and carbon in an amount of 5 wt% to 40 wt% based on an entire weight of the negative active material,
where the active material contains a SiO,(0.5<x <1.5) composition including crystalline Si, and a SiC, (0.5<y<1.5)
composition including crystalline carbon.

[0009] The negative active material for a rechargeable lithium battery, optionally the SiCy (0.5<y<1.5) component, may
include non-crystalline carbon, crystalline SiC, or non-crystalline SiC.

[0010] The intensity ratio of the SiC peak intensity at the (111) plane to the Si peak intensity at the (111) plane may
be 1.0 to 6.0 as measured by X-ray diffraction analysis (XRD) using a CuKa-ray.

[0011] The negative active material may include the oxygen (O) and carbon (C) elements in a weight ratio of 1:3t0 3.5:1.
[0012] The negative active material may further include an additional element selected from alkali metals, alkaline-
earth metals, Group 13 to 16 elements, transition elements, rare earth elements, and combinations thereof.

[0013] The negative active material may have an average particle diameter of 0.1pum to 10pm.

[0014] The negative active material may further include a carbon coating layer.

[0015] The carbon coating layer may have a thickness of 0.01 um to 1um.

[0016] The carbon coating layer may be an amorphous carbon selected from soft carbon, hard carbon, mesophase
pitch carbonized products, fired coke, or mixtures thereof.

[0017] According to another embodiment of the present invention, a rechargeable lithium battery includes a negative
electrode including the negative active material; a positive electrode including a positive active material; and a non-
aqueous electrolyte.

[0018] According to yet another embodiment of the present invention, a method of preparing a negative active material
for a rechargeabile lithium battery of the present invention includes disposing a first raw material comprising a source of
Si, a second raw material comprising a source of O and third raw material comprising a source of C between the electrodes
and arc-discharging them under an inert gas atmosphere.

[0019] The method of preparing a negative active material for a rechargeable lithium battery uses Si, SiO, and carbon
as raw materials, and the raw materials are contacted with an anode for arc discharge.

[0020] The Si and SiO, may be included in a weight ratio of about 0.5:1 to about 3.0:1.

[0021] The negative active material may be used to fabricate a rechargeable lithium battery with good cycle-life char-
acteristics as well as high-capacity.
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BRIEF DESCRIPTION OF THE DRAWINGS
[0022]

FIG. 1 is a schematic cross-sectional view of a rechargeable lithium battery according to an embodiment of the
present invention.

FIG. 2 is a schematic depicting the raw materials used to prepare the negative active material in an arc discharge
method according to an embodiment of the present invention.

FIG. 3 is a graph comparing the X-ray diffraction analysis (XRD) results of the negative active materials prepared
according to Examples 1 through 4.

FIG. 4 is a scanning electron microscope (SEM) photograph of the negative active material prepared according to
Example 3.

FIG. 5 is a graph comparing the charge and discharge of the rechargeable lithium batteries including the negative
active materials prepared according to Examples 1 through 4.

FIG. 6 is a graph comparing the X-ray fluorescence (XRF) analysis of Si in Examples 1 through 4.

FIG. 7 is a graph comparing the X-ray fluorescence (XRF) analysis of O in Examples 1 through 4.

DETAILED DESCRIPTION

[0023] Embodiments of the present invention will hereinafter be described in detail. However, these are only embod-
iments, and the present invention is not limited thereto.

[0024] According to the present invention, provided is a negative active material for a rechargeable lithium battery
wherein the negative active material comprises silicon in an amount of 40wt% to 80 wt%, oxygen in an amount of 10
wt% to 35 wt% and carbon in an amount of 5 wt% to 40 wt% based on an entire weight of the negative active material,
where the active material contains a SiO,(0.5<x <1.5) composition, including crystalline Si, and a SiC, (0.5<y<1.5)
composition including crystalline carbon. The mixing ratio of the SiO,(0.5<x<1.5) composition and the SiC, (0.5<y<1.5)
composition may be 10 to 90 wt% to 90 to 10 wt%, preferably 25 to 78 wt% to 75 to 22 wt%, more preferably 25 to 75
wt% to 75 to 25 wt%, more preferably 33 to 75 wt% to 67 to 25 wt%, more preferably 45 to 75 wt% to 55 to 25 wt% or
40 to 65 wt% to 60 to 35 wt%.

[0025] The negative active material includes a silicon oxide which is capable of exhibiting high capacity, and the
negative active material also includes a silicon carbide compound (SiC) and carbon (C) which are capable of improving
conductivity, thereby providing a rechargeable lithium battery with improved cycle-life characteristics.

[0026] The SiO,(0.5<x<1.5) composition includes a silicon oxide and crystalline silicon. The silicon oxide, for example,
may be a non-crystalline silicon oxide such as SiO,, SiO, or the like.

[0027] Inanembodiment, the negative active material, optionally the SiCy (0.5<y< 1.5) composition, may, for example,
include non-crystalline carbon, and crystalline silicon carbide and/or non-crystalline silicon carbide. In a preferred em-
bodiment the negative active material contains crystalline carbon and crystalline silicon carbide.

[0028] The negative active material may have an intensity ratio of the SiC peak intensity at the (111) plane to the Si
peak intensity at the (111) plane of 1.0 to 6.0 as measured by X-ray diffraction analysis (XRD) using a CuKa-ray,
preferably 1.2 to about 5.7, more preferably 1.3 to 5.6. For example, the peak intensity ratio may be 4.5 to 6.0, preferably
4.8 to 5.7 or the peak intensity ratio may be 1.2 to 2.0, preferably 1.3 to 1.9.

[0029] In an embodiment of the present invention the above peak ratios are measured from peaks between 28.2 and
28.6 £ 0.2 20 (degree), preferably 28.4 + 0.2 20 (degree) (Si (111)) and between 35.5 and 35.9 = 0.2 20 (degree),
preferably 35.7 = 0.2 26 (degree) (SiC (111)). In an embodiment of the present invention the position of a peak associated
with crystalline carbon is between 25.6 and 26.6 = 0.2 26 (degree), preferably 26 + 0.2 26 (degree).

[0030] In an embodiment of the present invention the XRD analysis is carried out using a CuKa -ray with a X-ray
wavelength of 1.541A, preferably an XPERT-PRO (Philips) was used as the X-ray diffraction analyzer.

[0031] The negative active material includes the Si element in an amount of 40 wt% to 80 wt% based on the entire
weight of the negative active material. The negative active material includes in a relatively high amount of the Si element
(as shown be this range) and may accomplish high-capacity characteristics. In some embodiments, for example, the
negative active material may include the Si element in an amount of 45 wt% to 75%, 50 wt % to 70 wt%, 60 wt% to 70
wt%. For example, between 45 wt% and 65 wt%, between 50 wt % and 70 wt% or between 55 wt% and 75 wt%
[0032] The negative active material may include the O and C elements in a weight ratio of 1:3 to 3.5:1, preferably 1:3
to 3:1, more preferably 1:2 to 2.9:1., for example 1:1.5 to 2.5:1 and 1:1.5 to 1.8:1.

[0033] The negative active material may further include an additional element that is not Si selected from alkali metals,
alkaline-earth metals, Group 13 to 16 elements, transition elements, rare earth elements, and combinations thereof.
Nonlimiting examples of the additional element include Mg, Ca, Sr, Ba, Ra, Sc, Y, Ti, Zr, Hf, Rf, V, Nb, Ta, Db, Cr, Mo,
W, Sg, Tc, Re, Bh, Fe, Pb, Ru, Os, Hs, Rh, Ir, Pd, Pt, Cu, Ag, Au, Zn, Cd, B, Al, Ga, Sn, In, Tl, Ge, P, As, Sb, Bi, S, Se,
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Te, Po, and combinations thereof.

[0034] The negative active material may have an average particle diameter of about 0.1pum to 10pm.

[0035] The silicon-based negative active material may further include a carbon coating layer including a carbon-based
material. The carbon-based material may further include a coating layer, and may further improve the initial efficiency
and cycle-life characteristics of the rechargeable lithium battery.

[0036] The carbon-based material may include crystalline carbon or amorphous carbon. Nonlimiting examples of the
crystalline carbon include non-shaped, or sheet, flake, spherical, or fiber-shaped natural or artificial graphite. Nonlimiting
examples of the amorphous carbon include soft carbon, hard carbon, mesophase pitch carbonized products, fired coke,
and the like.

[0037] The carbon coating layer may have a thickness of about 0.01 um to about 1pm. When the carbon coating layer
has a thickness within this range, appropriate capacity may be achieved.

[0038] The negative active material may be prepared in an arc discharge method.

[0039] According to another embodiment of the present invention, provided is a method of preparing the negative
active material for arechargeable lithium battery of the presentinvention includes disposing a first raw material comprising
a source of Si, a second raw material comprising a source of O and third raw material comprising a source of C between
the electrodes and arc-discharging them under an inert gas atmosphere.

[0040] The raw materials may include Si, SiO,, and carbon, optionally in the form of a carbon rod. In an embodiment
of the present invention the carbon rod may have a hollow for accommodating the other raw materials. The inert gas
may be nitrogen or a noble gas or a mixture thereof, preferably the inert gas is helium, argon or nitrogen.

[0041] The arcdischarge is preferably at between about 275A and about 325A, preferably at about 300A and between
about 35V and about 45V, preferably at about 40V.

[0042] According to one embodiment of the present invention, to prepare the raw materials, a carbon rod 202 is
prepared and a mixture 201 of Si and SiO, powders is filled in the carbon rod 202 (refer to FIG. 2). FIG. 2 depicts a
vertical cross-section of the carbon rod 202 filled with the mixture 201 of Si and SiO, powders, and a horizontal cross-
section of the carbon rod 202 filled with the mixture 201 of Si and SiO, powders.

[0043] The mixing ratio of the first and second raw materials, preferably Si and SiO, powders, is controlled to prepare
the desired negative active material. In some embodiments, for example, the first and second raw materials, preferably
the Si and SiO, powders, may be mixed in a weight ratio of 0.5:1 to 3.0:1, preferably 0:75 to 2.75:1, more preferably 1:1
to 2.5:1.

[0044] Inanembodiment of the present invention, the carbon rod 202 filled with the mixture 201 of Siand SiO, powders
is contacted with an anode and supplied with a current to effect an arc discharge under an inert atmosphere. According
to the arc discharge, the above-described negative active material is prepared and collected from a collector in the arc
discharge device.

[0045] The negative active material may be additionally surface-treated with a carbon-based material to form a carbon
coating layer thereon. The carbon-based material may be the same as discussed above. The surface treatment has no
particular limit but may include any common surface treatment. For example, the surface treatment may include mag-
netron sputtering, electron beam deposition, IBAD (ion beam assisted deposition), CVD (chemical vapor deposition), a
sol-gel method, or a method of ionizing evaporated particles into a layer.

[0046] The present invention also provides a negative active material for a rechargeable lithium ion battery made by
any of the above-mentioned processes. Accordingly, in an embodiment of the present invention provided is a negative
active material for a rechargeable lithium ion battery prepared by disposing a first raw material comprising a source of
Si, a second raw material comprising a source of O and third raw material comprising a source of C between the electrodes
and arc-discharging them under an inert gas. The raw materials may include Si, SiO,, and carbon. The mixing ratio of
the first and second raw materials, preferably Si and SiO, powders, is controlled to prepare the desired negative active
material. In some embodiments, for example, the first and second raw materials, preferably the Si and SiO, powders,
may be mixed in a weight ratio of 0.5:1 to 3.0:1, preferably 0:75 to 2.75:1, more preferably 1:1 to 2.5:1.

[0047] According to another embodiment of the present invention, a rechargeable lithium battery includes a negative
electrode including the negative active material; a positive electrode including a positive active material; and a non-
aqueous electrolyte.

[0048] The rechargeable lithium battery may be a lithium ion battery, a lithium ion polymer battery, or a lithium polymer
battery depending on the kind of separator and the kind of electrolyte used therein. The rechargeable lithium battery
may have a variety of shapes and sizes and thus, may be cylindrical, prismatic, coin-shaped, or pouch-shaped, and
may be a thin film type or a bulky type. The structures and methods of fabricating lithium batteries are known in the art.
[0049] FIG. 1isanexploded perspective view of arechargeable lithium battery according to one embodiment. Referring
to FIG. 1, the rechargeable lithium battery 100 includes a negative electrode 112, a positive electrode 114, a separator
113 between the negative electrode 112 and the positive electrode 114, an electrolyte (not shown) impregnating the
negative electrode 112, positive electrode 114, and separator 113, a battery case 120, and a sealing member 140 sealing
the battery case 120. The rechargeable lithium battery 100 is fabricated by sequentially laminating the negative electrode
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112, positive electrode 114, and separator 113, spirally winding them, and housing the spiral-wound product in a battery
case 120.

[0050] The negative electrode includes a current collector and a negative active material layer on the current collector.
The negative active material layer may include a negative active material. The negative active material is the same as
described above. The negative active material layer includes a binder and optionally, a conductive material.

[0051] The binder improves the binding properties of the negative active material particles to each other and to the
current collector. Nonlimiting examples of the binder include polyvinylalcohol, carboxymethylcellulose, hydroxypropyl-
cellulose, polyvinylchloride, carboxylated polyvinylchloride, polyvinylfluoride, ethylene oxide-containing polymers, poly-
vinylpyrrolidone, polyurethane, polytetrafluoroethylene, polyvinylidene fluoride, polyethylene, polypropylene, styrene-
butadiene rubbers, acrylated styrene-butadiene rubbers, epoxy resins, nylon, and the like, and combinations thereof.
[0052] The conductive material improves the electrical conductivity of the negative electrode. Any electrically conduc-
tive material can be used as the conductive material so long as it does not cause a chemical change. Nonlimiting
examples of the conductive material include carbon-based materials such as natural graphite, artificial graphite, carbon
black, acetylene black, ketjen black, carbon fibers, and the like; metal-based materials such as metal powders, metal
fibers, or the like including copper, nickel, aluminum, silver, or the like; conductive polymers such as polyphenylene
derivatives, and the like; and mixtures thereof.

[0053] The current collector includes a copper foil, a nickel foil, a stainless steel foil, a titanium foil, a nickel foam, a
copper foam, a polymer substrate coated with a conductive metal, or a combination thereof.

[0054] The positive electrode may include a current collector and a positive active material layer formed on the current
collector.

[0055] The positive active material includes a lithiated intercalation compound that reversibly intercalates and dein-
tercalates lithium ions. Examples of the positive active material include composite oxides including at least one of cobalt,
manganese, and nickel, as well as lithium. In particular, the following compounds may be used:

Li,A1,R,D, (0.90 < a< 1.8 and 0 < b < 0.5)
Li,E1,R,02.cD; (0.90<a<1.8,0<b<0.5and 0 <c <0.05)

LiE,,R,04.D, (0 <b<0.5, 0 < ¢ < 0.05)

Li_Nis.cCO,R.D,(0.90 <a<1.8,0<b< 05, 0<c<0.05and 0<o<2)
Li,Niy_, .Co,R.0,.Z, (0.90<a<1.8,0<b<0.5, 0<c<0.05and 0 <o <2)
Li_Niy, .CO,R,0,.,Z, (090 <a<18,0<b<050<c<0.05and0<a<2)
Li_Nisp.cMn,R.D, (0.90<a<1.8,0<b<05,0<c<0.05and0<ox?2)
Li_Nis.cMn R0, Z, (090 <a<1.8,0<b<05 0<c<0.05and 0 <o <2)
Li_Niq.cMn R0, Z, (090 <a<1.80<b<05 0<c<0.05and0<a<2)
Li_Ni,E,G40, (0.90<a<1.8,0<b<0.9,0<c<05and0.001<d<0.1)
Li_Ni,COMn,G,0, (0.90 <a<1.8,0<b<0.9,0<c<0.5,0<d <0.5 and 0.001 <e <0.1)
Li_NiG,0, (0.90 <a < 1.8 and 0.001 < b < 0.1)

Li,CoG,0, (0.90 < a< 1.8 and 0.001 < b < 0.1)

Li,MnG,O, (0.90 <a < 1.8 and 0.001 < b < 0.1)

Li,Mn,G,0, (0.90 <a < 1.8 and 0.001 < b < 0.1)

QO,

Qs,

LiQS,

V,05

LiV,05

LiTO,

LINIVO,,

Lia.d2(PO,)3 (0 < f<2)

Lis.nFex(POy)s (0 << 2)

LiFePO,

[0056] In the above chemical formulae, A may be Ni, Co, Mn, or a combination thereof; R may be Al, Ni, Co, Mn, Cr,
Fe, Mg, Sr, V, a rare earth element, or a combination thereof; D may be O, F, S, P, or a combination thereof; E may be
Co, Mn, or a combination thereof; Z may be F, S, P, or a combination thereof; G may be Al, Cr, Mn, Fe, Mg, La, Ce, Sr,
V, or a combination thereof; Q may be Ti, Mo, Mn, or a combination thereof; T may be Cr, V, Fe, Sc, Y, or a combination
thereof; and J may be V, Cr, Mn, Co, Ni, Cu, or a combination thereof.

[0057] The positive active material may be a compound with a coating layer on the surface, or a mixture of the active
material and a compound with a coating layer thereon. The coating layer may include at least one coating element
compound selected from oxides of the coating element, hydroxides of the coating element, oxyhydroxides of the coating
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element, oxycarbonates of the coating element, and hydroxycarbonates of the coating element. The compound for the
coating layer may be either amorphous or crystalline. The coating element included in the coating layer may be selected
from Mg, Al, Co, K, Na, Ca, Si, Ti, V, Sn, Ge, Ga, B, As, Zr, or a mixture thereof. The coating may be applied by any
conventional processes so long as it does not cause any undesirable side effects on the properties of the positive active
material. For example, the coating may be applied by spray coating, immersing, or the like, which are known to those
of ordinary skill in this art.

[0058] The positive active material layer may further include oxalic acid as a binder.

[0059] The binder improves the binding properties of the positive active material particles to one another and to the
current collector. Nonlimiting examples of the binder include at least one selected from polyvinyl alcohol, carboxymethyl
cellulose, hydroxypropyl cellulose, diacetyl cellulose, polyvinylchloride, carboxylated polyvinyl chloride, polyvinylfluoride,
ethylene oxide-containing polymers, polyvinylpyrrolidone, polyurethane, polytetrafluoroethylene, polyvinylidene fluoride,
polyethylene, polypropylene, styrene-butadiene rubbers, acrylated styrene-butadiene rubbers, epoxy resins, nylon, and
the like.

[0060] The conductive material improves the electrical conductivity of the positive electrode. Any electrically conductive
material can be used as the conductive material so long as it does not cause a chemical change. Nonlimiting examples
of the conductive material include at least one selected from natural graphite, artificial graphite, carbon black, acetylene
black, ketjen black, carbon fibers, metal powders, metal fibers of copper, nickel, aluminum, silver, and the like, and
polyphenylene derivatives.

[0061] The current collector may be Al but is not limited thereto.

[0062] The negative and positive electrodes may be fabricated according to a method including preparing an active
material composition (which includes mixing the active material, a conductive material, and a binder), and coating the
composition on a current collector. The method of manufacturing electrodes is known. The solvent may include N-
methylpyrrolidone or the like but is not limited thereto.

[0063] The electrolyte may include a non-aqueous organic solvent and a lithium salt.

[0064] The non-aqueous organic solvent serves to transmit the ions taking part in the electrochemical reactions of the
battery.

[0065] The non-aqueous organic solvent may include a carbonate-based, ester-based, ether-based, ketone-based,
alcohol-based, or aprotic solvent. Nonlimiting examples of the carbonate-based solvent include dimethyl carbonate
(DMC), diethyl carbonate (DEC), dipropyl carbonate (DPC), methylpropyl carbonate (MPC), ethylpropyl carbonate (EPC),
methylethyl carbonate (MEC), ethylene carbonate (EC), propylene carbonate (PC), butylene carbonate (BC), and the
like. Nonlimiting examples of the ester-based solvent may include methyl acetate, ethyl acetate, n-propyl acetate, dimeth-
ylacetate, methylpropionate, ethylpropionate, y -butyrolactone, decanolide, valerolactone, mevalonolactone, caprolac-
tone, and the like. Nonlimiting examples of the ether-based solvent include dibutyl ether, tetraglyme, diglyme, dimeth-
oxyethane, 2-methyltetrahydrofuran, tetrahydrofuran and the like. Nonlimiting examples of the ketone-based solvent
include cyclohexanone, and the like. Nonlimiting examples of the alcohol-based solventinclude ethanol, isopropylalcohol,
and the like. Nonlimiting examples of the aprotic solvent include nitriles such as R-CN (wherein R is a C2 to C20 linear,
branched, or cyclic hydrocarbon group, and may include a double bond, an aromatic ring, or an ether bond), amides
such as dimethylformamide, dimethylacetamide, dioxolanes such as 1,3-dioxolane, sulfolanes, and the like.

[0066] A single non-aqueous organic solvent may be used, or a mixture of solvents may be used. When the organic
solventincludes a mixture of solvents, the mixing ratio may be controlled to achieve the desired performance of the battery.
[0067] The carbonate-based solvent may include a mixture of cyclic carbonates and linear carbonates. The cyclic
carbonates and the linear carbonates may be mixed together in a volume ratio of about 1:1 to about 1:9 in the electrolyte,
and the electrolyte may enhance performance.

[0068] In addition, the non-aqueous organic solvent may further include an aromatic hydrocarbon-based solvent in
addition to the carbonate-based solvent. The carbonate-based solvent and the aromatic hydrocarbon-based solvent
may be mixed together in a volume ratio of about 1:1 to about 30:1.

[0069] The aromatic hydrocarbon-based organic solvent may be an aromatic hydrocarbon-based compound repre-
sented by the following Chemical Formula 1.
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Chemical Formula 1

[0070] In Chemical Formula 1, each of R4 to Rg is independently hydrogen, a halogen, a C1 to C10 alkyl group, a C1
to C10 haloalkyl group, or a combination thereof.

[0071] The aromatic hydrocarbon-based organic solvent may include, but is not limited to, benzene, fluorobenzene,
1,2-difluorobenzene, 1,3-difluorobenzene, 1,4-difluorobenzene, 1,2,3-trifluorobenzene, 1,2,4-trifluorobenzene, chlo-
robenzene, 1,2-dichlorobenzene, 1,3-dichlorobenzene, 1,4-dichlorobenzene, 1,2,3-trichlorobenzene, 1,2,4-trichlo-
robenzene, iodobenzene, 1,2-diiodobenzene, 1,3-diiodobenzene, 1,4-diiodobenzene, 1,2,3-triiodobenzene, 1,2,4-triio-
dobenzene, toluene, fluorotoluene, 1,2-difluorotoluene, 1,3-difluorotoluene, 1,4-difluorotoluene, 1,2,3-trifluorotoluene,
1,2,4-trifluorotoluene, chlorotoluene, 1,2-dichlorotoluene, 1,3-dichlorotoluene, 1,4-dichlorotoluene, 1,2,3-trichlorotolu-
ene, 1,2,4-trichlorotoluene, iodotoluene, 1,2-diiodotoluene, 1,3-diiodotoluene, 1,4-diiodotoluene, 1,2,3-triiodotoluene,
1,2,4-triiodotoluene, xylene, and combinations thereof.

[0072] Thenon-aqueous electrolyte may furtherinclude vinylene carbonate or an ethylene carbonate-based compound
represented by the following Chemical Formula 2 as an additive to improve the cycle-life of the battery.

Chemical Formula 2

Ry Bg

[0073] In Chemical Formula 2, each of R; and Rg is independently hydrogen, a halogen, a cyano group (CN), a nitro
group (NO,), or a C1 to C5 fluoroalkyl group, provided that at least one of R; and Rg is a halogen, a cyano group (CN),
a nitro group (NO,) or a C1 to C5 fluoroalkyl group (i.e., at least one of R; and Rg is not hydrogen).

[0074] Nonlimiting examples of the ethylene carbonate-based compound include difluoroethylene carbonate, chlo-
roethylene carbonate, dichloroethylene carbonate, bromoethylene carbonate, dibromoethylene carbonate, nitroethylene
carbonate, cyanoethylene carbonate, fluoroethylene carbonate, and the like. The amount of the vinylene carbonate or
ethylene carbonate-based compound for improving cycle life may be adjusted within an appropriate range.

[0075] Thelithium saltis dissolved in the non-aqueous organic solvent and supplies the lithium ions in the rechargeable
lithium battery, thereby enabling the basic operation of the rechargeable lithium battery and improving lithium ion transfer
between the positive and negative electrodes. The lithium salt may include a supporting salt selected from LiPFg, LiBF,,
LiSbFg, LiAsFg, LiC4FgSO3, LIiClO,, LIAIO,, LIAICI,, LIN(C,F2,41SO2)(CyFyy11SO,) (wherein, x and y are natural num-
bers), LiCl, Lil, LiB(C,0,), (lithium bis(oxalato) borate, LiBOB), and combinations thereof. The lithium salt may be used
in a concentration of about 0.1M to about 2.0M. When the lithium salt is included within this concentration range, it may
yield good electrolyte performance and lithium ion mobility due to optimal electrolyte conductivity and viscosity.

[0076] The separator 113 serves to separate the negative electrode 112 from the positive electrode 114 and provides
a path for the lithium ions. The separator may be made of any material commonly used in lithium batteries. The separator
has low resistance against ion transfer in the electrolyte, and good wetting ability in the electrolyte. For example, the
separator may be a glass fiber, polyester, TEFLON (polytetrafluoroethylne), polyethylene, polypropylene, polytetrafluor-
oethylene (PTFE), or a combination thereof, and may be a non-woven fabric or a woven fabric. For example, a polyolefin-
based polymer separator such as polyethylene or the like may be used for a lithium ion battery, and a separator coated
with a ceramic component or a polymer material may be used to secure heat resistance or mechanical strength. The
separator may have a single layer or multiple layers.
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[0077] The following examples are presented for illustrative purposes only, and do not limit the scope of the present
invention.

Examples

Example 1: Preparation of negative active material

[0078] A raw material was prepared by forming a hole with a diameter of about 22mm inside a carbon rod with a
diameter of about 25mm and then filling the hole with a mixture of Si and SiO, powders mixed in a weight ratio of 2.5:1.
The raw material was put in an arc discharger, and the air was evacuated from the arc discharger which was then filled
with He gas.

[0079] The arc discharger was supplied with a current of about 300A at about 40V to generate an arc discharge, and
thus a nano powder was prepared.

Example 2: Preparation of negative active material

[0080] A nano powder was prepared according to the same method as Example 1, except that the carbon rod was
filled with a mixture of Si and SiO, powders mixed in a weight ratio of 2:1.

Example 3: Preparation of negative active material

[0081] A nano powder was prepared according to the same method as Example 1, except that the carbon rod was
filled with a mixture of Si and SiO, powders mixed in a weight ratio of 1.5:1.

Example 4: Preparation of Negative active material

[0082] A nano powder was prepared according to the same method as Example 1, except that the carbon rod was
filled with a mixture of Si and SiO, powders mixed in a weight ratio of 1:1.
[0083] FIG. 4 is a scanning electron microscope (SEM) photograph of the nano powder according to Example 3.

Examples 5 to 8: Fabrication of Rechargeable lithium battery cells

[0084] Each of the nano powders according to Examples 1 to 4 was used as a negative active material to fabricate a
2016 coin-type half-cell. A negative electrode was fabricated by mixing the active material, a conductive material, and
a binder in a weight ratio of about 80:10:10 in a solvent to prepare a negative active material composition, and coating
the negative active material composition on a Cu foil current collector. The conductive material was Denka black, the
binder was PI (polyimide), and the solvent was NMP (N-METHYL-2-PYRROLIDONE). Then, a cell was fabricated using
lithium metal as the counter electrode, positioning a separator between the counter electrode and negative electrode
as shown in FIG. 1, spirally winding them, inserting the wound product in a can, and injecting an electrolyte solution into
the can. The electrolyte solution was prepared by mixing EC (ethylene carbonate)/ EMC (ethylmethyl carbonate)/ DMC
(dimethylcarbonate) in a volume ratio of about 3/3/4 and dissolving 1M LiPFg and about 5 volume % of a FEC (fluorinated
ethylene carbonate) additive therein.

Experimental Example 1: X-ray diffraction (XRD) analysis

[0085] The nano powders according to Examples 1 to 4, Si, SiC, and graphite were analyzed by X-ray diffraction
(XRD). The results are provided in FIG. 3.

[0086] The X-ray diffraction analysis was performed using a CuKa -ray with a X-ray wavelength of 1.541A, and an
XPERT-PRO (Philips) was used as the X-ray diffraction analyzer.

[0087] The nano powders according to Examples 1 to 4 were identified to include Si and SiC crystals and crystalline
carbon based on a comparison to the XRD peaks of Si, SiC, and graphite. Based on the results shown in FIG. 3, the
ratio between the Si peak intensity at the (111) plane to the SiC peak intensity at the (111) plane was calculated, and
the results are shown in the following Table 1.

Table 1
Intensity ratio of the SiC peak to Si peak | FWHM of SiC plane peak (°)
Example 1 5.5 0.46
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(continued)
Intensity ratio of the SiC peak to Si peak | FWHM of SiC plane peak (°)
Example 2 5.0 0.59
Example 3 1.4 0.93
Example 4 1.8 0.68

Experimental Example 2: Measurement of the amount of elements

[0088] The nano powders according to Examples 1 to 4 were analyzed for Si and O content using an XRF (X-ray
fluorescence) analyzer, obtaining an XRF analysis graph. FIG. 6 and 7 is the XRF analysis graph of the content of Si,
and FIG. 7 is the XRF analysis graph of the content of O. The X-ray fluorescence analysis was performed using a WD-
XRF (Philips PW2400).

[0089] The amounts of the silicon and oxygen elements were calculated from the intensity ratio of the peaks corre-
sponding to silicon and oxygen in each graph shown in FIGS. 6 and 7 using a calibration curve relative to a standard
sample.

[0090] The amount of carbon was analyzed using a carbon analyzer (CS).

[0091] Table 2 shows the amount of the silicon, oxygen, and carbon elements included in the negative active materials
according to Examples 1 to 4.

Table 2
Silicon (Si) (wt%) | Oxygen (O) (wt%) | Carbon(C)(wt%)
Example 1 65-70 25-28 10-15
Example 2 60-65 22-25 15-20
Example 3 55-60 19-22 20-25
Example 4 50-55 15-19 25-30

Experimental Example 3: Capacity and Cycle-life Evaluation

[0092] Each rechargeable lithium battery cell according to Examples 5 to 8 was charged with a current of about 100mA
per about 1g of negative active material up to a voltage of about 0.001V (vs. Li), and then discharged with the same
current up to a voltage of about 3V (vs. Li). Then, the charge and discharge were repeated 50 times with the same
current within the same voltage range.

[0093] Table 3 shows the discharge capacity at the first cycle, initial charge and discharge efficiency, and capacity
retention of each rechargeable lithium battery. The capacity retention was calculated according to the following Equation
1, and the initial charge and discharge efficiency were calculated according to the following Equation 2.

Equation 1
Capacity retention [%] = [50™ cycle discharge capacity / 2™ cycle discharge

capacity] <100

Equation 2
Initial charge and discharge efficiency [%] = [1®' cycle discharge capacity / 1%

cycle charge capacity] <100



10

15

20

25

30

35

40

45

50

55

EP 2 613 382 B1

Table 3
1st cycle discharge capacity Initial charge and discharge efficiency Capacity retention
[mAh/g] [%] [%]
Example 5 2270 50 60
Example 6 1830 67 50
Example 7 1260 60 45
Example 8 1020 52 40

[0094] Thelithiumrechargeable battery cells according to Examples 5to 8 had good discharge capacity, initial efficiency
and capacity retention.

[0095] FIG. 5 shows the charge and discharge curve of each rechargeable lithium battery cell according to Examples
5to 8. The lithium rechargeable battery cells according to Examples 5 to 8 had good capacity characteristics. In particular,
the lithium rechargeable battery cells according to Examples 5 and 6 had better capacity characteristics.

[0096] While this disclosure has been illustrated and described in connection with certain exemplary embodiments,
those or ordinary skill in the art will appreciate the certain modifications and changes can be made to the described
embodiments without departing from the scope of the invention, as defined in the appended claims.

Claims

1. A negative active material for a rechargeable lithium battery wherein the negative active material comprises silicon
in an amount of 40wt% to 80 wt%, oxygen in an amount of 10 wt% to 35 wt% and carbon in an amount of 5 wt% to
40 wt% based on an entire weight of the negative active material, where the active material contains:

a Si0,(0.5<x<1.5) composition that includes crystalline Si, and
a SiC, (0.5<y<1.5) composition that includes crystalline carbon.

2. The negative active material for a rechargeabile lithium battery of claim 1 wherein negative active material comprises
at least one of non-crystalline carbon, crystalline SiC, and non-crystalline SiC.

3. The negative active material for a rechargeable lithium battery of any of claims 1 to 2, wherein an intensity ratio
between a SiC peak intensity at a (111) plane a Si peak intensity at a (111) plane is 1.0 to 6.0 as measured by X-
ray diffraction analysis (XRD) using a CuKa-ray.

4. The negative active material for a rechargeable lithium battery of any of claims 1 to 3, wherein the negative active
material comprises O and C elements in a weight ratio of 1:3 to 3.5:1.

5. The negative active material for a rechargeable lithium battery of any of claims 1 to 4, further comprising an alkali
metal, an alkaline-earth metal, a Group 13 to 16 element, a transition element, a rare earth element, or a combination

thereof.

6. The negative active material for a rechargeable lithium battery of any of claims 1 to 5, wherein the negative active
material has an average particle diameter of 0.1pum to 10pm.

7. The negative active material for a rechargeable lithium battery of any of claims 1 to 6, further comprising a carbon
coating layer.

8. The negative active material for a rechargeable lithium battery of claim 7, wherein the carbon coating layer has a
thickness of 0.01 um to 1 pm.

9. The negative active material for a rechargeable lithium battery of claim 7 or claim 8, wherein the carbon coating
layer comprises an amorphous carbon selected from the group consisting of soft carbon, hard carbon, mesophase

pitch carbonized products, fired coke, and mixtures thereof.

10. A rechargeable lithium battery comprising

10
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a negative electrode including the negative active material of any of claims 1 to 9;
a positive electrode including a positive active material; and
a non-aqueous electrolyte.

A method of preparing a negative active material for a rechargeable lithium battery comprising:

disposing a first raw material comprising a source of Si, a second raw material comprising a source of O and third
raw material comprising a source of C between the electrodes and arc-discharging them under an inert gas atmos-
phere to produce the negative active material for a rechargeable lithium battery of any of claims 1 to 10.

The method of preparing a negative active material of claim 11, wherein the first raw material comprises elemental
Si, the second raw material comprises SiO,, and the third raw material comprises elemental carbon, and the first,
second and third raw materials are contacted with an anode for the arc-discharging.

The method of preparing a negative active material of claim 11 or claim 12, wherein the first raw material and the
second raw material are mixed in a weight ratio of 0.5:1 to 3.0:1.

Patentanspriiche

1.

10.

Negatives aktives Material fir eine wiederaufladbare Lithiumbatterie, wobei das negative aktive Material Silizium
in einer Menge von 40 Gew.-% bis 80 Gew.-% umfasst,

Sauerstoff in einer Menge von 10 Gew.-% bis 35 Gew.-% und Kohlenstoff in einer Menge von 5 Gew.-% bis 40
Gew.-%, bezogen auf das Gesamtgewicht des negativen aktiven Materials, wobei das aktive Material Folgendes
enthalt:

eine SiO, (0,5 < x < 1,5)-Zusammensetzung, die kristallines Si umfasst, und
eine SiC, (0,5 <y < 1,5)-Zusammensetzung, die kristallinen Kohlenstoff umfasst.

Negatives aktives Material fir eine wiederaufladbare Lithiumbatterie nach Anspruch 1, wobei das negative aktive
Material mindestens eines aus nicht kristallinem Kohlenstoff, kristallinem SiC und nichtkristallinem SiC umfasst.

Negatives aktives Material fir eine wiederaufladbare Lithiumbatterie nach einem der Anspriiche 1 bis 2, wobei das
Intensitatsverhaltnis zwischen der SiC-Spitzenintensitat in der (111)-Ebene und der Si-Spitzenintensitat in der
(111)-Ebene 1,0 bis 6,0 betragt, gemessen durch Réntgenbeugungsanalyse (XRD) unter Verwendung eines CuKoa.-
Strahls.

Negatives aktives Material fir eine wiederaufladbare Lithiumbatterie nach einem der Anspriiche 1 bis 3, wobei das
negative aktive Material O- und C-Elemente in einem Gewichtsverhaltnis von 1:3 bis 3,5:1 umfasst.

Negatives aktives Material fiir eine wiederaufladbare Lithiumbatterie nach einem der Anspriiche 1 bis 4, das ferner
ein Alkalimetall umfasst, ein Erdalkalimetall, ein Element der Gruppen 13 bis 16, ein Ubergangselement, ein Sel-
tenerdelement oder eine Kombination davon.

Negatives aktives Material fir eine wiederaufladbare Lithiumbatterie nach einem der Anspriiche 1 bis 5, wobei das
negative aktive Material einen durchschnittlichen Teilchendurchmesser von 0.1 um bis 10 wm aufweist.

Negatives aktives Material fiir eine wiederaufladbare Lithiumbatterie nach einem der Anspriiche 1 bis 6, das ferner
eine Kohlenstoffbeschichtung umfasst.

Negatives aktives Material fiir eine wiederaufladbare Lithiumbatterie nach Anspruch 7, wobei die Kohlenstoffbe-
schichtung eine Dicke von 0,01 uwm bis 1 pum aufweist.

Negatives aktives Material fir eine wiederaufladbare Lithiumbatterie nach Anspruch 7 oder Anspruch 8, wobei die
Kohlenstoffbeschichtung einen amorphen Kohlenstoff ausgewahlt aus der Gruppe bestehend aus weichem Koh-
lenstoff, hartem Kohlenstoff, carbonisierten Mesophasenpechprodukten, gebranntem Koks und Gemischen davon
umfasst.

Wiederaufladbare Lithiumbatterie, die Folgendes umfasst

1"
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eine negative Elektrode, die das negative aktive Material nach einem der Anspriiche 1 bis 9 umfasst;
eine positive Elektrode, die ein positives aktives Material umfasst; und
einen nicht-wassrigen Elektrolyt.

Verfahren zur Herstellung eines negativen aktiven Materials fir eine wiederaufladbare Lithiumbatterie, das Folgen-
des umfasst:

Anordnen eines ersten Rohmaterials, das eine Si-Quelle umfasst, eines zweiten Rohmaterials, das eine O-Quelle
umfasst und eines dritten Rohmaterials, das eine C-Quelle umfasst zwischen den Elektroden und Entladen dieser
im Lichtbogen unter einer Inertgasatmosphére, um das negative aktive Material fir eine wiederaufladbare Lithium-
batterie nach einem der Anspriiche 1 bis 10 herzustellen.

Verfahren zur Herstellung eines negativen aktiven Materials nach Anspruch 11, wobei das erste Rohmaterial ele-
mentares Si umfasst, das zweite Rohmaterial SiO, umfasst, und das dritte Rohmaterial elementaren Kohlenstoff
umfasst, und das erste, das zweite und das dritte Rohmaterial mit einer Anode zur Lichtbogenentladung in Kontakt
gebracht werden.

Verfahren zur Herstellung eines negativen aktiven Materials nach Anspruch 11 oder Anspruch 12, wobei das erste
Rohmaterial und das zweite Rohmaterial in einem Gewichtsverhaltnis von 0,5:1 bis 3,0:1 gemischt werden.

Revendications

Matériau actif négatif pour une batterie au lithium rechargeable ou le matériau actif négatif comprend du silicium
en une quantité comprise entre 40% en poids et 80% en poids, de 'oxygéne en une quantité comprise entre 10%
en poids et 35% en poids et du carbone en une quantité comprise entre 5% en poids et 40% en poids par rapport
au poids total du matériau actif négatif, ou le matériau actif contient :

une composition SiO, (0,5 < x < 1,5) qui comporte du Si cristallin, et
une composition SiCy (0,5 <y <1,5) qui comporte du carbone cristallin.

Matériau actif négatif pour une batterie au lithium rechargeable de la revendication 1, dans lequel le matériau actif
négatif comprend au moins I'un du carbone non cristallin, du SiC cristallin, et du SiC non cristallin.

Matériau actif négatif pour une batterie au lithium rechargeable de I'une des revendications 1 et 2, dans lequel un
rapport d’intensité entre une intensité de créte de SiC au niveau d’un plan (111) et une intensité de créte de Si au
niveau d'un plan (111) est compris entre 1,0 et 6,0 tel que mesuré par une analyse par diffraction des rayons X
(XRD) en utilisant un rayon CuKa.

Matériau actif négatif pour une batterie au lithium rechargeable de I'une des revendications 1 a 3, dans lequel le
matériau actif négatif comprend les éléments O et C selon un rapport pondéral compris entre 1:3 et 3,5:1.

Matériau actif négatif pour une batterie au lithium rechargeable de I'une des revendications 1 a 4, comprenant en
outre un métal alcalin, un métal alcalino-terreux, un élément du Groupe 13 a 16, un élément de transition, un élément
des terres rares, ou une combinaison de ceux-ci.

Matériau actif négatif pour une batterie au lithium rechargeable de I'une des revendications 1 a 5, dans lequel le
matériau actif négatif a un diamétre moyen de particules compris entre 0,1 um et 10 pm.

Matériau actif négatif pour une batterie au lithium rechargeable de I'une des revendications 1 a 6, comprenant en
outre une couche de revétement de carbone.

Matériau actif négatif pour une batterie au lithium rechargeable de la revendication 7, dans lequel la couche de
revétement de carbone a une épaisseur comprise entre 0,01 pm et 1 um.

Matériau actif négatif pour une batterie au lithium rechargeable de la revendication 7 ou 8, dans lequel la couche

de revétement de carbone comprend un carbone amorphe choisi dans le groupe consistant en le carbone doux, le
carbone dur, des produits carbonisés a base de brai de mésophase, le coke cuit, et des mélanges de ceux-ci.

12
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Batterie au lithium rechargeable comprenant

une électrode négative comportant le matériau actif négatif de 'une des revendications 1a 9 ;
une électrode positive comportant un matériau actif positif ; et

un électrolyte non aqueux.

Procédé de préparation d’'un matériau actif négatif pour une batterie au lithium rechargeable comprenant le fait :
de disposer une premiere matiére premiére comprenant une source de Si, une deuxiéme matiére premiere com-
prenant une source de O et une troisieme matiére premiére comprenant une source de C entre les électrodes et
de les soumettre a une décharge en arc sous une atmosphére de gaz inerte pour produire le matériau actif négatif
pour une batterie au lithium rechargeable de I'une des revendications 1 a 10.

Procédé de préparation d’'un matériau actif négatif de la revendication 11, dans lequel la premiére matiére premiére
comprend du Si élémentaire, la deuxiéme matiere premiére comprend du SiO,, et la troisiéme matiere premiére
comprend du carbone élémentaire, et les premiére, deuxiéme et troisieme matiéres premiéres sont mises en contact
avec une anode pour la décharge en arc.

Procédé de préparation d’'un matériau actif négatif de la revendication 11 ou 12, dans lequel la premiére matiére
premiere et la deuxiéme matiere premiere sont mélangées selon un rapport pondéral compris entre 0,5:1 et 3,0:1.

13
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FIG. 4
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FIG. 5

Example 1
————— Example 2
Example 3
—————— Example 4
2.5
2.0+
Voltage ., |
V] 15

10 500 1000 1500 2000

Capacity [mAh/g]

18

2500

3000 3500 4000



EP 2 613 382 B1

FI1G. 6

— Example 1
~——  Example 2

e Exanple 3

-------- Example 4

400~
Rmeas

tkeps)

2001

1 T
Energy (keV)

19



EP 2 613 382 B1

FIG. 7
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